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http://dxObjectives: Cardiac arrest after open surgery has an incidence of approximately 3%, of which more than 50%
of the cases are due to ventricular fibrillation. Electrical defibrillation is the most effective therapy for
terminating cardiac arrhythmias associated with unstable hemodynamics. The excitation threshold of
myocardial microstructures is lower when external electrical fields are applied in the longitudinal direction
with respect to the major axis of cells. However, in the heart, cell bundles are disposed in several directions.
Improved myocardial excitation and defibrillation have been achieved by applying shocks in multiple directions
via intracardiac leads, but the results are controversial when the electrodes are not located within the cardiac
chambers. This study was designed to test whether rapidly switching shock delivery in 3 directions could
increase the efficiency of direct defibrillation.
Methods: A multidirectional defibrillator and paddles bearing 3 electrodes each were developed and used
in vivo for the reversal of electrically induced ventricular fibrillation in an anesthetized open-chest swine model.
Direct defibrillation was performed by unidirectional and multidirectional shocks applied in an alternating
fashion. Survival analysis was used to estimate the relationship between the probability of defibrillation and
the shock energy.
Results: Compared with shock delivery in a single direction in the same animal population, the shock energy
required for multidirectional defibrillation was 20% to 30% lower (P<.05) within a wide range of success
probabilities.
Conclusions: Rapidly switching multidirectional shock delivery required lower shock energy for ventricular
fibrillation termination and may be a safer alternative for restoring cardiac sinus rhythm. (J Thorac Cardiovasc
Surg 2014;148:3213-8)External, high-intensity electrical fields are applied to the
heart for resuscitation fromcardiac arrest due to severe distur-
bances of cardiac rhythm, such as ventricular fibrillation
(VF).This approach is usednot only in the emergency clinical
setting but also during or after cardiac surgery, of which car-
diac arrest is the most common complication (incidence of
1%-3%).1,2 Although electrical defibrillation is considered
to be the most effective procedure for VF reversal, it has
limited efficacy.3 Because high-intensity shocks are required
for effective defibrillation, consistent with the proposal that
arrhythmia reversal requires the excitation of a critical
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Svariable degree of myocardial damage, mostly due to
electroporation of the cardiomyocyte sarcolemma. Such
damage, which can be produced by electrical fields
even considerably weaker than those reached during
electrical defibrillation,6,7 may result in transient diastolic
depolarization, reduction of the action potential amplitude,
depressed ejection, conduction block, Ca2þ overload, and
cell injury.6-9 The intensity of the peak electrical current
applied was recently identified as the major factor related
to the deleterious effects of electrical shocks.10 Thus,
approaches that can decrease the effective shock intensity
would represent an important improvement of this therapy,
because they should result in less myocardial damage.
A possible approach to achieve more effective defibrilla-
tion is the application of shocks in different directions.
This approach may increase the probability that the orienta-
tion of the stimulating electrical field is parallel to the major
axis of the myocytes or muscle bundle, thus minimizing the
stimulus threshold amplitude.9,11-14 The use of multiple
stimulation directions was shown to optimize excitation in
randomly oriented isolated cardiomyocytes.14 Moreover,
it has been reported that shock delivery in different
directions via intraventricular leads increases the efficiency
of internal defibrillation.15-18 However, it is not yet clear
whether this stimulation modality is also more efficientdiovascular Surgery c Volume 148, Number 6 3213
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the case during perioperative cardiac arrest and out-of-
hospital emergency defibrillation. Although some authors
observed decreases in the energy and peak voltage required
to terminate VF by pulse delivery over more than 1
pathway,16,19,20 others did not find improvements
compared with a single pathway.21
This study was designed to test the hypothesis that
rapidly switching shock delivery in 3 directions improves
the success of direct defibrillation. To enhance the repro-
ducibility of the stimulus delivery pathways and to simulate
the condition of defibrillation during intraoperative cardiac
arrest, shocks were applied on the epicardial surface of
open-chest swine via 3 electrode pairs located in paddles
that encircle the heart.
METHODS
Instrumentation
Rapidly switching multidirectional defibrillator. To
perform a proper comparison between defibrillation modalities, it is
essential that the stimulus waveform be identical in the intensity (voltage
and current) and time course for unidirectional and multidirectional
stimulation. For this purpose, we developed a defibrillator with a rapidly
switching circuit that allows monophasic truncated exponential voltage
pulses to be delivered from 3 different pairs of electrodes.14 Shock energy
ranged from 0.5 to 7.3 J (equivalent to a discharge voltage from 141 to 382
V, assuming 50U cardiac impedance). A capacitance of 100 mFwas chosen
to minimize the charging voltage and current levels. Figure 1 shows the
pulses delivered in the unidirectional and multidirectional stimulation
modalities. In the latter case, pulses were sequential, without interval or
temporal overlap. Bench tests performed before the in vivo experiments
showed that, for a given energy level, the instrument delivered pulses of
the same amplitude and time course through 1 or 3 pairs of electrodes
within the whole energy range for a resistive load up to 560 U.
In the present experiments, the duration of the defibrillatory pulse was
20 ms. The rapid switching allowed the delivery of 3 pulses within 60
ms, which is a shorter period than the action potential duration of the swine
ventricle at physiologic temperature.22 Thus, it is expected that each
recruited cell should be excited by only 1 of the shocks. When the
unidirectional modality is chosen, trigger pulses were delivered via only
1 output connected to a single (central) pair of electrodes.
Defibrillation handles and paddles. Each handle is composed
of a hollow, cylindrical shaft with a nylon grip on the superior extremity.
The inferior extremity is connected to a semicircular paddle, transversal
to the shaft, to which the electrodes are fixed (Figure 2, A). The paddles
were designed to encircle the heart, allowing direct contact between the
electrode surface and the ventricular epicardium (Figure 2, B). The handles
and paddles were made of polycarbonate/acrylnitrile-butadiene-styrene by
rapid prototyping at the Institute of Biofabrication of the Faculty of
Chemical Engineering of the University of Campinas (UNICAMP).
The electrodes are concave disks of polished surgical stainless steel
(25-mm radius, 1-mm thickness, 2-mm maximal depth in the present
version). In addition to an electrode located at the center of each paddle,
2 electrodes are disposed at 60 from the central electrode to allow the3214 The Journal of Thoracic and Cardiovascular Surdelivery of shocks in 3 directions (0, 60, and 120) (Figure 2). Labeled
pushbuttons on the top of the handle grips enable the capacitors to be
charged or the discharge to be triggered.
In Vivo Defibrillation Experiments
Experiments were conducted at the Laboratory of Surgical Techniques
of the Nucleus of Medicine and Experimental Surgery, Faculty of Medical
Sciences of UNICAMP.
Animal preparation. The animal care and experimental protocols
were in agreement with the Guide for the Care and Use of Laboratory
Animals, consistent with the principles of the Brazilian Society of
Laboratory Animal Science, and approved by the Institutional Committee
of Ethics in Animal Use, Institute of Biology, University of Campinas
(protocol number 2251-1).
Ten female Landrace Large White pigs (aged 8 weeks, 20 3 kg) were
maintained in individual bays at the animal facility of the Nucleus of
Medicine and Experimental Surgery, Faculty of Medical Sciences of
UNICAMP, where they were offered filtered water and industrial chow
ad libitum. Animals were not subjected to any kind of experimental
procedure or restriction (eg, fasting) before the experiment.
After sedation with intramuscular ketamine (10 mg$kg1), animals
were anesthetized with fentanyl hydrochloride (12.5 mg$kg1) and
sodium thiopental (25 mg$kg1), administered as a bolus via the ear
vein. After orotracheal intubation, the animals were artificially ventilated
(10 ml$min1$kg1 body weight, 50% O2), and electrodes were attached
to the limbs for electrocardiographic monitoring.23 After skin disinfection,
thoracotomy was performed, followed by pericardium opening and expo-
sure of the heart, which was periodically moistened with saline solution.
Anesthesia depth was monitored throughout the experiment, and anesthetic
supplementation was performed when necessary. Fluid reposition was
performed by Ringer solution infusion via the ear vein (15 mL$kg1$h1).
Fibrillation/defibrillation protocol. Both defibrillation modal-
ities (unidirectional and multidirectional) were tested in each animal by
using the up-and-down protocol (described later) in an alternate fashion.
This approach was used to minimize the influence of interindividual
differences and other factors that might affect the sensitivity to VF
induction and/or reversal during the course of the experiment.
VF was induced by brief low-energy DC stimulation of the left ventricle
epicardial surface.24 Immediately before VF induction, the paddles were
positioned in a basoapical orientation for full contact of the electrodes
with the ventricular surface (Figure 2, B). Approximately 15 seconds after
electrocardiographic confirmation of VF establishment and interruption of
coordinated ventricular contractions, a defibrillatory shock of one of the
modalities was applied. If it successfully restored the sinus rhythm, then
VF was reinduced later, and defibrillation was attempted with a shock of
the same modality with lower energy. Otherwise, VF was terminated by
stimulation with a conventional defibrillator (Cardiomax, Instramed, Porto
Alegre, RS, Brazil), and a shock of the same modality and higher energy
was used in the next trial. Afterward, the protocol was repeated for the other
defibrillation modality. Between trials, a recovery period was observed
(typically 5-15 minutes) until the heart rate was stable and close to its basal
value. The goal of this procedurewas to obtain pairs of shock energy values
(ie, effective and ineffective at reverting VF) for each modality.
The modalities were alternated until the animals developed persistent
tachycardia, spontaneous VF initiation, and/or refractoriness to defibrilla-
tion. In any of these cases, anesthesiawas deepenedwith thiopental, and the
animal was euthanized by intracardiac injection of 3 mol/L KCl solution.
Experiments lasted 2 to 4 hours.
Data Analysis
Data are presented as the mean and standard error of the mean. Pairs of
shock energy values were used as the primary data for the survival analysis,
which was performed with both pooled data and individual data from some
animals. The resulting relationships between the probability of successfulgery c December 2014
FIGURE 1. Five J discharge pulses of the defibrillator in the unidirec-
tional (A) and multidirectional (B) modes.
Viana et al Evolving Technology/Basic Sciencedefibrillation and the shock energy for the unidirectional and multidirec-
tional modalities were compared with the Mantel–Cox test. A sigmoidal
function was fitted to this relationship (R2 > 0.98), and the curve
parameters were compared by the F-test. From this function, it was possible
to estimate the shock energy values required for different probabilities of
successful defibrillation in individual animals, which were compared
between modalities with the Student t test for paired samples. Statistical
significance was considered for P<.05.RESULTS
The average heart rates before VF induction and after
post-defibrillation stabilization were 100  3 beats/min
and 101  3 beats/min, respectively. The cardiac
impedance, estimated from the time constant of the voltage
decay during a defibrillatory pulse (6.92  1.09 ms),
was 61  11 U. This value is not significantly differentFIGURE 2. Handles/paddles designed for multidirectional defibrillation (A).
(B), shocks may be delivered in 1 or 3 directions.
The Journal of Thoracic and Car(P> .35, Dunnett’s test) from the value of 50 U that was
assumed in the project of the defibrillator.
Figure 3, A shows the defibrillation curves (pooled data)
for unidirectional and multidirectional shocks. The curve
parameters are presented in Table 1. Compared with the
curve obtained with unidirectional shocks, the curve for
multidirectional defibrillation showed a parallel (P> .05
for Hill coefficient, F-test) leftward shift. A significant
difference was observed between the curves for the 2
defibrillation modalities (P<.003; Mantel–Cox test). The
shock energy required for successful defibrillation in 50%
of cases (E50 value) was approximately 30% lower for
multidirectional stimulation (P < .001, F-test) (Table 1
and Figure 3, A). These results indicate that, for shocks of
a given energy level, the latter modality was associated
with a higher probability of defibrillation than the
conventional, unidirectional stimulation.
In some cases, it was possible to obtain from a single
animal a sufficient number of data points to determine
defibrillation curves for both stimulation modalities.
In these instances, it was possible to perform a statistical
comparison of the energy level required for defibrillation
probabilities greater than .5, which are clinically more
relevant. Despite a large variability among the animals, it
was observed that, even for 90% defibrillation success,
the required energy was at least 20% lower for multi-
directional compared with unidirectional shocks (P<.05,
paired t test; N ¼ 6) (Figure 3, B).DISCUSSION
We used an in vivo porcine model that is widely used
for studies of cardiovascular diseases and therapies.25
The results showed that delivery of shocks in 3 directions
in rapid succession significantly decreased the stimulus
intensity required for successful direct defibrillation
compared with shock delivery in a single direction. Thus,
our initial hypothesis was confirmed.
One rationale for multidirectional stimulation is based on
the spatial interaction of electrical fields and myocardial
microstructures. The excitation threshold for field applica-
tion transversal to the major axis of a cell or cardiomyocyteEach paddle contains 3 electrodes. When the electrodes encircle the heart
diovascular Surgery c Volume 148, Number 6 3215
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FIGURE 3. A, Defibrillation curves determined in vivo in swine by direct
application of unidirectional and multidirectional shocks. Points are mean
 standard error of the mean values obtained from the survival analysis.
Curve parameters are shown in Table 1. Mantel–Cox test indicated
significant difference between the curves (P<.003). B, Shock energy levels
associated with defibrillation success in 50%, 75%, and 90% of cases for
both defibrillation modalities (number of directions of shock delivery is
indicated in the bars) determined in a single set of animals (N ¼ 6). Data
are shown as the mean and standard error of the mean. *P<.05, Student
t test for paired samples.
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application.9,11-14 According to theoretic and experimental
studies, this direction-dependent sensitivity to electrical
fields stems from the ability of the latter to produce
membrane polarization: A lower stimulus intensity is
required for a given change in membrane potential
(eg, threshold depolarization) in the longitudinal than in
the transversal field orientation.9,13,26 Because the fiber
bundles and sheets of the ventricular walls and septum areTABLE 1. Defibrillation curve parameters determined in vivo in
swine using direct unidirectional and multidirectional defibrillatory
shocks
Defibrillation
modality
Hill coefficient
(J$101) E50 (J)
Degrees of
freedom
Unidirectional 0.401  0.021 4.01  0.06 20
Multidirectional 0.424  0.014 2.89  0.03* 27
Data are presented as mean  standard error of the mean. E50: shock energy required
for successful defibrillation in 50% of cases. *P< .05 for unidirectional versus
multidirectional defibrillation (F-test).
3216 The Journal of Thoracic and Cardiovascular Surhighly branched and disposed in several spatial
orientations,27 stimulation in a single direction should be
capable of electrically recruiting only a limited number of
cells, unless the stimulus intensity is considerably
higher, as was previously observed in vitro.14 Therefore,
stimulation in different orientations should increase cell
recruitment and, thus, the probability of extinguishing
reentrant pathways. In addition, it might decrease the
probability of post-shock reentrant waves because of the
successive establishment of virtual electrodes with different
polarities.28
Although some authors have shown the superiority
of shock delivery through 2 pathways over unidirectional
defibrillation, most studies have dealt with stimulation via
intracardiac leads.15,16,18,19 For shock delivery via
epicardial or transthoracic pads, studies have reported a
decrease16,19,20 or no change21 in the shock energy
requirement for defibrillation for pulse application over
more than 1 pathway. Moreover, the use of 3 directions in
a single defibrillation event has not been explored much,
except by Pagan-Carlo and colleagues,20 who reported
facilitation of transthoracic defibrillation in swine and
dogs by the use of 6 versus 2 electrode pads. Our present
results with direct cardiac stimulation are consistent with
the latter findings, although the temporal shock presentation
was different (discussed later).
An important aspect when considering multidirectional
stimulation is the timing of shock delivery. In all studies
that have demonstrated greater defibrillation effectiveness
for sequential shocks in more than 1 direction, the interval
between shocks was short (1 ms15-18) or null (present
experiments), whereas no improvement was observed for
long coupling intervals (100 ms21). This result might be
due to the interaction of 2 independent factors: (1) the
optimization of the alignment of the electrical field with
the major axis of the cell and (2) the possible summation
of subthreshold membrane depolarization responses of cells
that are only partially aligned to the field, as previously
observed in isolated ventricular myocytes.14
Some authors have reported an even greater decrease in
the defibrillation energy requirement when the pulses
applied in different pathways overlap in time.19,20
However, although the increase in electrical current
flowing during the overlap period may further favor
excitation, it also may increase the risk of injury to cells
aligned with the electrical vector created by the
overlapping stimuli. Cells stimulated with longitudinal
fields are more sensitive not only to excitation but also to
lethal injury by external fields.9 Moreover, the peak current
level, rather than the shock energy, seems to be related to the
production of deleterious effects in cardiomyocytes.10 In
our case, the total delivered energy was greater with the
multidirectional approach. However, because the temporal
shock presentation precluded vectorial summation of thegery c December 2014
Viana et al Evolving Technology/Basic Scienceapplied electrical field, and the waveforms were identical
for unidirectional and multidirectional shocks of the same
energy level, the reduction of the shock energy requirement
in the latter modality translated into a reduction of the peak
current applied during a shock.Study Limitations
Electrical defibrillation was performed under general
anesthesia, after a short VF period, in the absence of
cardiovascular disease or myocardial ischemia. However,
this model mimics the scenario of electrical defibrillation
during cardiac surgery. This aspect is especially true in
terms of the use of direct defibrillation, which allowed
standardization of electrode positioning and, thus, greater
reliability of the results. On the other hand, the possible
effects of the anesthesia on cardiovascular and respiratory
functions should not have biased the results, because both
defibrillation modalities were tested in the same animals.
It remains to be determined whether the difference between
the defibrillation modalities is maintained after long-lasting
VF. In addition, we used monophasic defibrillation shocks,
whereas the most recent guidelines on resuscitation
recommend biphasic shocks because of their reportedly
greater efficiency,29 although some studies have failed to
find a significant influence of the waveform on the
outcome of patients.30,31 Monophasic stimuli were chosen
in this study because they allow determining the actual
effect of multidirectional stimulation in the absence of
possible confounding effects associated with the biphasic
waveform, which may be clarified in future studies.
Moreover, monophasic defibrillatory shocks are still
frequently used in clinical practice.30,31E
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SCONCLUSIONS
The present results with epicardial shock delivery
indicate that rapidly switching, multidirectional defibrilla-
tion is more effective than unidirectional, conventional
defibrillation, because it requires lower shock energy levels
for successful restoration of the sinus rhythm. For direct
defibrillation, which is the case in open chest surgeries,
the 3-electrode paddle system is easy to use, and, given
the requirement of lower shock energy for successful VF
reversal, multidirectional defibrillation may represent a
promising alternative for the safer electrical therapy of
cardiac arrhythmias.
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